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APPENDIX B

CONTENTS OF FAA BIRD INGESTION DATA BASE
BOEING 737 AIRPLANE
OCTOBER 1986 - SEPTEMBER 1987

This appendix presents the contents of the Boeing 737 bird ingestion data base
maintained by the FAA. The appendix presents actual data extracted from the FAA
data base and used in this report. When the null symbol ~0- appears in any data
position it indicates that the data are unknown. The data base contents are
described below:

coLuMy
EDATE

EVT#

ENG_POS

ETIME

SIGN_EVT

AIRCRAFT

POF

ALTITUDE
SPEED

FL_RULES

DESCRIPTION OF COLUMN CONTENTS

Date(mm/dd/yyyy) of ingestion event.

FAA ingestion event sequence number reflecting order in which events
were entered into the FAA bird ingestion data base.

Engine position of engine ingesting bird. Since each engine ingestion
event has a unique record in the data base, duplicate event numbers
indicate multiple engine ingestion events. This column provides
record uniqueness in such cases.

1 - left engine of 737 airplane

2 - right engine of 737 airplane

Local time of bird ingestion.

Significant event factors.
AIRWRTHY - engine related airworthiness effects
INV POS LOSS -~ involuntary power loss
MULT BIRDS ~ multiple birds in 1 engine
MULT ENG - multiple engine ingestion (1 bird
in each engine)
MULT ENG-BIRDS - multiple engine ingestion
and 1 or both engines sustained multiple
bird ingestion
TRVS FRAC - transverse fan blade fracture
OTHER - other significant factor, may be reported in narrative
remarks
NONE ~ no significant factor noted

737 aircraft type.

Phase of flight during which bird ingestion occurred.
(TAXI; TAKEOFF ; CLIMB ; CRUISF ; DESCENT ; LANDING ; UNKNOWN)

Altitude (ft. AGL) at time of bird ingestion.
Air speed (knots) at time of bird ingestion,

Flight rules in effect at time of bird ingestion.
IFR - instrument flight rules
VFR - visual flight rules
UNK - unknown
B~1
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LT_COND Light conditions at time of bird ingestion.
(DARK ; LIGHT ; DAWN; DUSK; etc.)

WEATHER Weather conditions at time of bird ingestion.

CREW_AC Crew action taken in response to bird ingestion.
ATO ~ aborted takeoff
ATB ~ air turnback
DIV ~ diversion
UNK -~ unknown
NONE - no crew action taken
N/A - not applicable
OTHER - some action taken, may be specified in narrative remarks

CREW AL Indicates whether crew alerted to presence of birds at time of bird
ingestion.
(YES;NO; UNKNOWN)

BIRD SEE Indicates whether ingested bird(s) seen prior to ingestion
NO - not seen
YES - seen
SEVERAL - 2 to 10 birds observed
FLOCK - more than 10 birds observed

BIRD NAM Common bird name. Trailing asterisk (*) implies bird not positively
identified as such.

BIRD_SPE Species of positively identified bird. Alphanumeric identification
code which conforms to Edward'sT convention.

# BIRDS Number of birds ingested. A (-2) implies more than one bird
but the exact count is unknown.

WT_ 0z 1 Weight (o0z.) of first ingested bird.

CTY_PRS Scheduled city pairs of aircraft operation.
(from code:to ~ode) 3 letter city airport code.
Reference AIRPORT column in Appendix A,

ATIRPORT Airport at which bird ingestion event occurred.
3 letter city airport code. Reference AIRPORT
column in Appendix A.

LOCALE Nearest town, state, country, etc.
US_INCID Indicates whether bird ingestion occurred within United States

boundaries.
(YES;NO)

+Edwards, E.P., "A Coded List of Birds of the World,"
IBSN:911882-04-9, 1974,

#U.S. GOVEANMENT PRINTING OFFICE: 1990-~704-061/20008
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FOREWORD

This interim report provides descriptive and statistical analyses of the
data collected over a 2-year period on bird ingestion experiences for the BR737
aircraft. The data described in this report were collected under a separate
contract by the engine manufacturers.

The report was prepared by the University of Dayton under Department of
Transportation, Federal Aviation Administration Contract DTFA03-88-C-00024. The
technical project monitor for the FAA during the preparation of the report was
Mr. Joseph Wilson. The principal investigator at the University of Dayton was
Dr. Peter W. Hovey and computer support was provided by Mr. Donald A. Skinn.
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EXECUTIVE SUMMARY

An investigation was initiated by che Federal Aviation Administration
Technical Center in September 1986 to determine the numbers, weight and species
of birds which are ingested into medium and large inlet area turbofan engines
during worldwide service operation and to determine what damage, if any, results.
This report summarizes the first 2 of 3 years of Boeing 737 data being collected
to support this effort., The first year of data is published under report number
DOT/FAA/CT-89/16 (referernce 9).

A total of 5.72 million aircraft operations were flown by Boeing 737
commercial aircraft during the first 2 years of this investigation which
extended from October 1986 through September 1988. Boeing 737 aircraft equipped
with Pratt and Whitney JT8D medium inlet area turbine engines accounted for 76.3
percent of these flights. The remaining 23.7 percent of the flights were made by
aircraft having CFM International CFM56 large inlet area turbofan engines.

A total of 521 engine ingestion events were reported during the first 2
years of data collection. There were 11.44 million engine operations during this
same period which yields a probability of engine ingestion of 4.55 x 1075, A
conclusion from these data is that bird ingestion events are rare, but probable
events.

When the species of the ingested bird was reliably identified, the most
commonly ingested birds were from the order charadriiformes (shorebirds)--
primarily gulls, lapwings, and plovers. The majority of ingested birds (87 of
92) weighed 40 ounces or less. The bird weight distribution of ingested birds in
the United States was different from the distribution in foreign countries. The
median and mode weights of ingested birds in the United States were smaller than
abroad; however, the mean United States weight was slightly larger due to the
ingestion of one very large bird. The bird ingestion rate within the United
States was significantly lower than the foreign bird ingestion rate.

The majority (260 of 328) of aircraft ingestion events, for which the phase
of flight was known, occurred within the airport environment during takeoff and
landing. There were 81 engine ingestions which resulted in engine damage
classified as moderately severe or worse. The majority of bird ingestionms
resulted in little or no engine damage. The majority of aircraft ingestion
events (459 of 504) involved a single bird and a single engine on the aircraft.
The remaining 45 aircraft ingestion events involved multiple birds and/or
multiple engines.

ix
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The following summary shows the most pertinent statistics extracted from the

first 2 years of data for the Boeing 737 aircraft:

Total Fngine Ingestion Events 521
Total Aircraft Ingestion Events 504
Average Bird Weight (oz)

United States 17.7

Foreign 16.8
Median Bird Weight (oz)

United States 6.0

Foreign 9.7
Mcode Rird Weight (oz)

United States 2.0/3.0/6.0/14.0

Foreign 7.0/10.0
Probability of Ingestion Per Aircraft Operation

Worldwide 0.88 x 10-4

United States 0,44 x 1074

Foreign 1.40 x 104
Most Commonly Ingested Bird

United States Dove/Gull

Foreign Gull/Lapwing
Engines Fxperiencing Moderate/Severe Damage 81
Multiple Bird, Engine Ingestion Events 34
Multiple FEngine Ingestion Events 17
Aircraft Ingestion Fvents By Phase-of-Flight

Takeoff and Climb Phase-of-Flight 65.77

Approach and Landing 31.37%
Airports Reporting Bird Ingestions 205
Ratio of Reported Events to Aircraft Operations

United States 0.44 x 10~%

Foreign 1.40 x 10-4




SECTION 1
INTRODUCTION
1.1 BACKGROUND

Contention for alrspace between birds and airplanes has created a serious
bird/aircraft strike hazard. A past study (1] has indicated that birdstrikes to
engines are statistically rare events. The probability of a birdstrike during
any given flight is extremely low; however, when the number of flights is
considered, the number of birdstrikes becomes significant.

The windshield and the eng ‘nes are particularly vulnerable to the birdstrike
threat. Although penetration ¢ ¢ windshield by a bird is primarily a concern
for military airplanes operating at tigh speeds in a low-altitude environment,
such a penetration has occurred on a civilian airplane resulting in the death of
the co-pilot. Ingestion of birds into airplane engines is a problem for
commercial as well as military jet airplanes for 1t can cause significant damage
to the engine resulting in degraded engine performance and very possibly failure.

In his study of bird ingestions on commercial flights, Frings [1] indicated
that nearly all bird ingestion events have occurred in the vicinity of airports
during the non-cruise phases of flight. This is understandable because these
phases of flight naturally occur closer to the ground where bird concentrations
are higher, resulting in a higher probability of birdstrike.

The solutions to the problem of engine damage resulting from bird ingestion
are similar to those for windshield birdstrike, e.g., structural design
consideration to withstand impact or bird avoidance. Bird avoidance can be
facilitated by either of two approaches: (1) keeping airplanes out of airspaces
with large bird concentrations, or (2) removing birds from these regions of
airspace. Neither bird avoidance approach is well-suited to commercial air
fleets because flight schedules place airplanes in specific areas at specific
times and the effectiveness of airport bird control programs (if any) varies from
airport to airport and country to country.

Structural design of engines to withstand bird ingestions can be
accomplished provided that requirements with respect to bird sizes and numbers
can be identified. Bird ingestion data for medium/large inlet area turbofan
engines and small inlet area turbine engines are currently being collected. by
several engine manufacturers. Statistical evaluation of bird ingestion data from
these data collection efforts and previous bird ingestion studies will be useful
in re-evaluating certification test criteria specified in FAA regulation 14 CFR
33.77. As a result, future jet engines can be designed to withstand more
realistic bird threats. '

1.2 OBJECTIVES

The objective of this report is to determine the -2lationship of bird
weight, geographic location, season, time of day, phase of flight, and engine
type to the frequency of bird ingestion events and the extent of engine damage,
if any, resulting from the ingested birds. The statistical analysis of reported
bird ingestions experienced by commercial Boeing 737 (B737) airplanes worldwide
over a 2-year reporting period is used to summarize the service threat and level
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of engine damage experienced by these airplanes. The findings of the analysis
will be helpful in defining minimum engine design requirements for resistance to
damage as a result of bird ingestions. Moreover, this study will provide a
comparison between the experiences of a contemporary high-bypass ratio turbofan
engine (CFM56) and an older low-bypass ratio turbofan engine with a smaller inlet

. (JT8D) exposed to similar aircraft-bird ingestion environments.

1.3 ORGANIZATION OF REPORT

Section 2 defines, discusses, and differentiates airport operations and
aircraft operations. Section 3 identifies the characteristics of bird species
that have been ingested and reliably identified. Section 4 describes bird
ingestion rates by location, engine type, and phase of flight. Section 5
provides a geographic placement of bird ingestion events throughout the world.
Section 6 summarizes engine damage resulting from bird ingestions. Section 7
examines the probabilities of various bird ingestion events. Section 8 discusses
the quality of the data collected in this study by examining the sources of the
data and evaluating the consistency of the data from the first vear to the
second. Section 9 provides a summary of the results obtained during this phase
of data analysis.




SECTION 2
ATRCRAFT OPERATIONS AND AIRPORT OPERATIONS

Aircraft operations and airport operations data are used to determine bird
ingestion rates. Operations data (and their sources) used to generate bird
ingestion rates are discussed in this section. Definitions are provided to aid
in understanding these data.

An aircraft operation as defined in the glossary is a nonstop flight from
one airport (departure airport) to another airport (arrival airport) and consists
of 7 phases of flight which include: (1) taxi-out, (2) takeoff, (3) climb, .(4)
cruise, (5) approach, (6) landing, and (7) taxi-in. An airport operation is
considered either a departure from or an arrival at an airport. When all
scheduled flights are considered, the number of airport operations is twice the
number of aircraft operations.

The Official Airline Guide (OAG) is the data source for scheduled airport
operations. Counts of airport operations involving B737 airplanes were extracted
from OAG magnetic tapes and maintained by airport code. The counts were further
categorized by month of year and hour of day so that seasonal and time-of-day
analyses could be performed.

Table 2.1 presents the OAG airport operations counts by seasonal months for
the 2~year period. The counts are also broken down by several geographic
regions. Table 2.2 presents the same airport operations counts as table 2.1;
however, an adjustment for hemisphere has been made. It should be noted that the
number of aircraft operations for each of these categories is one-half the number
of airport operations. Frings [1] defines autumn in the Northern Hemisphere and
spring in the Southern Hemisphere as the months September, October, and November.
The collection period for each year of B 737 data was October through the
following September. Consistency with Frings is maintained in table 2.1 and
table 2.2 by grouping operations counts for October and November with the
operations counts of the following September.

Table 2.3 presents two cross tabulations of airport operations by month and
OAG destination-arrival code. The first tabulation includes all airports at
which one or more B737 operations were scheduled during the reporting period.
The second tabulation is a subset of the first and includes only those airports
at which a bird ingestion event was reported during the period. The destination-
arrival code 1s taken directly from the OAG tapes and its values are presented as
a footnote in table 2.3.

A tabulation of aircraft operations by engine type and geographic region is
required to obtain bird ingestion rates for these parameters, Table 2.4
presents a tabulation of B737 aircraft operations by engine type and geographic
region for the reporting period. The OAG operations data identify implicitly the
geographic region through the airport code and alsoc identify explicitly whether
the airplane is a B737; however, the engine type of the airplane is not reliably
identified in the OAG data. The aircraft operations presented in the ALL ENGINES
column of table 2.4 are derived by dividing the airport operationdg in the TOTAL
column of table 2.1 by 2. The aircraft operations for the CFM56 engine were
provided by the engine manufacturer as actual flights flown during the reporting
period and are considered relfable. Similar data were not available for the JT8D

3
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engine, The JT8D aircraft operations were therefore derived by subtracting the
CFM56 aircraft operations from the total aircraft operation for both engines.

The engine manufacturers provided the FAA with a listing of monthly
operations counts for theilr respective engine types; however, the counts did not
agree with the OAG counts. Monthly percentages for each engine type were
calculated from the engine manufacturer's data and subsequently applied to the
JT8D and CFM56 engine totals 'in table 2.4 to estimate monthly aircraft operations
for the reporting period. Figure 2.1 is a histogram showing the estimated
aircraft operations for each engine type. ‘
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MONTH (0)

OCT 406,268
NoV 399,060
DEC 416,486
JAN 418,774
FEB 386,386
MAR 425,002
APR 422,122
MAY 440,740
JUN 433,872
JUL 452,944
AUG 460,918
SEP 448,312
TOTAL 5,110,884

TABLE 2.3 OAG AIRPORT OPERATIONS BY MONTH

(OCTOBER 1986 THROUGH SEPTEMBER 1988)

ALL AIRPORTS WITH SCHEDULED B737 OPERATONS

*
------- 0AG DESTINATION-ARRIVAL CODES” "

(1)
499,810
484,776
510,834
512,014
476,960
520,222
506,860
524,302
519,874
538,852
545,600
521,930

6,162,034

(2)

(3)

........

........

74,116

918,978
896,454
941,538
945,552
876,554
959,070
942,096
917,422
968,244
1,007,430
1,021,956
941,538

11,441,892

AIRPORTS EXPERIENCING BIRD INGESTIONS DURING REPORTING PERIOD

MONTH (0)

ocT 126,357
NOV 126,498
DEC 131,345
JAN 131,785
FEB 122,537
MAR 135,399
APR 135,684
MAY 143,077
JUN 141,542
JUL 146,994
AUG 149,175
SEP 147,150
TOTAL 1,637,543
*%

*h
-------- OAG DESTINATION-ARRIVAL CODES

202,912
199,200
209,768
209,849
195,854
211,657
206,263
214,667
211,709
218,536
221,274
209,719

2,511,408

(2)

........

(3

........

=0 Any Carrier. Operation begins and ends out of the US.

=1 Domestic Carrier. Operation begins and ends in the US.
=2 Domestic Carrier. Departure or arrival, but not both, in the US.
=3 Foreign Carrier. Operation begins and ends in the US.
=4 Foreign Carrier. Departure or arrival, but not both, in the US.

333,702
329,627
345,454
346,384
322,742
351,523
346,154
362,239
357,870
370,557
375,413
361,619

4,203,284




TABLE 2.4 SCHEDULED AIRCRAFT OPERATIONS BY ENGINE TYPE

GEOGRAPHIC LOCATION JT8D CFM56 ALL ENGINES

United States }

Oct’86 - Sep’87 1,160,091 353,656 1,513,747
Oct’87 - Sep'’ss 1,082,543 527,431 1,609,974
Two Year Total 2,242,634 881,087 3,123,721
Foreign
Oct’86 - Sep’87 1,057,633 174,206 1,231,839
Oct’87 - Sep’ss 1,062,971 302,415 1,365,386
Two Year Total 2,120,604 476,621 2,597,225
Worldwide
Oct’86 - sep’s7 2,217,724 527,862 2,745,586
Oct’87 - Sep’ss 2,145,514 829,846 2,975,360
. |
—————— - - - - Ey o an ey = - - -t - - - ‘
Two Year Total 4,363,238 1,357,708 5,720,946
8
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SECTION 3 .
CHARACTERISTICS OF INGESTED BIRDS

This section provides a description of the birds that were ingested during
the data collection period and an analysis of the extent of the bird ingestion
threat. The bird related features that are described in this section include
species, weight, seasonal trends, time-of-day trends, and geographic location.

A detailed breakdown of aircraft ingestion events in the United States 1is
presented in figures 3.1 and 3.2. Figure 3.1 is a contour map of the contiguous
US with the height of the contours being proportional to the number of aircraft
ingestion events in each state while figure 3.2 is a bar chart with the same
information plus Alaska and Hawaii. Texas and California have the greatest
number of ingestions followed by Hawaii and Florida.

Table 3.1 provides a tally of all the species that were positively
identified by an ornithologist during the collection period. The counts in the
US, Foreign, and Overall columns of table 3.1 indicate the number of aircraft
ingestion events in which each bird species was ingested. The species are listed
by order and family and it is apparent that the gulls, doves and lapwing/plover
families of the charadriiformes order (shorebirds) are the most commonly ingested
birds. Doves and gulls were the most commonly ingested bird in the United States
vhile the lapwings appear to be mainly a foreign species.

One of the disappointing features of the B737 bird ingestion data base is
the low bird identification rate. The bird species was positively identified in
only 61 out of 504 ajrcraft ingestion events that were recorded giving a 12,1
percent identification rate. The identification rate for engine ingestion events
in which an engine sustained damage (19.6 percent) was almost two and one-half
times greater than the identification rate for events which caused no engine
damage (8.0 percent); which could indicate that the group of identified birds is
biased to include more birds in the size and weight ranges that tend to damage
engines when ingested, Any conclusions about the population of ingested birds
should be viewed with the caution that the sample might be more representative of
the population of birds that damage engines than of all birds that are ingested.

The species-related descriptions of ingested birds in this report probably
provide a conservative view in that the birds that caused damage are better
represented in the sample than birds that did not cause damage. The bird .
features that influence damage cannot be discerned, however, because of the
possible bias in the identifications. That is, the differences between the birds
that cause damage and the birds that don't cause damage cannot be readily

identified since there is less information about the birds that didn't cause
damage.

Table 3.2 18 a frequency table of weights for the positively identified
birds. The bird weights are derived from the species identification and when
possible are adjusted for the age and sex of the ingested bird. The modes in
table 3.2 therefore represent the weights of the more commonly identified bird
species that were ingested. Figure 3.3 provides the same information in the form
of a histogram. Most of the ingested birds (78.3 percent) that were identified )
in this study weighed less than or equal to 20 ounces; however, only 17.4 percent ,
percent of the identified birds weighed more than 2 pounds.
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Summary statistics calculated from the raw data for the US, foreign, and
worldwide bird weight distributions are presented in table 3.3. The mean,
median, and mode are three different concepts for the typical or average value

' which measures the central tendency of the distribution. The median and mode are
. more relevant measures of the average for the bird ingestion problem. The mean

! weight would be important if damage were related to the cumulative weight of all
birds ingested by a single engine since the mean is based on the total weight of
i the ingested birds.

' A pattern suggestive of a sine function is seen in figure 3.4 which is a bar
chart of monthly bird ingestions for the data collection period. The cyeclic

, . pattern in aircraft ingestion events reflects seasonal bird activity., The start

4 of a cyclic pattern is also seen in the ingestion rate data which indicates that

] the trends are due to the changing bird population and not changes in air traffic

activity. Time trends in bird ingestions are further investigated on a seasonal

basis in the following paragraphs.

] The seasonal bird ingestion rates for the Northern and Southern Hemispheres,

f the United States, foreign countries, and the whole world are presented in the
bar chart of figure 3.5. Here the ingestion rates are not beirg compared by
engine type so the ingestion rate R 1s simply calculated as:

10000
R = 1Ing . Ops 3.1

where Ing is the number of ingestions and Ops is the number of afrcraft
: operations in the time period being considered. The rate is expressed as R,
ingestions per 10,000 aircraft operations.

Seasonal trends were investigated using a Chi-squared goodness-of-fit (GOF)
analysis. The Chi-squared value for testing the hypothesis that the number of
aircraft ingestion events does not vary with the seasons is 46.24, The critical
value for testing at the 5 percent level of significance is 7.81 while the 0.5
percent level is 12.8; therefore, the high value of the test statistic is a very

I strong Indication that ingestions do vary with the seasons.

! The winter data were eliminated in an effort to better identify the nature
of the differences between the seasons. Testing for the equality of the

t ingestions for spring, summer, and autumn also yields a significant difference

: with a test statistic of 6.05 and a 5 percent critical value of 5.99. After

i eliminating the data from the next lower season, there is no detectable
difference between summer and autumn so the data indicate that there are the
‘ fewest ingestions in the winter followed by an increase in ingestions in the

spring with the maximum number of ingestions occurring during the summer and
carrying through the autumn.

The time-of-day distribution of bird ingestion events 1s 1llustrated in
figure 3.6 with time-of-day reduced to the four basic segments of morning, mid-
day, evening, and night., There is a noticeable drop in the number of ingestions
at night and the Chi-squared test for equality of the four time periods indicates
that they are not the same. The Chi-gquared test statistic 1s 19,37 while the

99th percentile of the Chi-squared with three degrees of freedom distribution is
11.34,

15




v

, ’ There are two likely reasons for a drop in ingestions during the night.
Birds are not generally nocturnal so bird activity is reduced at night. Also,
there are fewer flights scheduled at night. A lessened exposure due to fewer
flights and fewer birds results in a reduction in the number of ingestions at
night. :

.-
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(OCTOBER 1986 - SEPTEMBER 1988)

DISTRIBUTION OF WORLDWIDE AIRCRAFT INGESTION EVENTS
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Figure 3.4 Bar Chart of Worldwide Aircraft Ingestion Events.
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SECTION 4

INGESTION RATES

This section describes the rates at which bird ingestions occurred during
the 2-year collection period covered in this report. The Poisson distribution is
commonly used to describe how events are randomly scattered in time, and the bird
ingestion data are shown to agree with the assumptions of a Poisson process.
first part of this section provides the estimates of the basic ingestion rates.
The second part describes the Poisson distribution and how it relates to the bird
ingestion events. The final parts discuss statistical analyses based on the

assumption that bird ingestions follow a Poisson process.

4.1 TINGESTION RATE ESTIMATES

This sub-section provides a general description of ingestion rates broken
down by location, engine, and phase of flight. The rates are given in terms of
ingestions per 10,000 aircraft operations and have been adjusted to the inlet

area of the engine to allow size independent comparisons between engines.

inlet area used throughout this report is called the "fat lip area” and was

specified by the Boeing Co. for each type of engine installation. A more

detailed statistical analysis of ingestion rates 1s covered in the next section

using statistical techniques for Poisson processes.

Table 4.1A 1lists the US, foreign, and worldwide ingestion rates for both the
JT8D and the CFM56 engines as well as a composite rate for all 737 aircraft.
inlet area adjustment was done using a 10-square-foot unit area on the basis of
the total I:.let area of both engines to keep the rates in a reasonable range.
The composite rates In each geographical region are weighted means of the inlet
area adjusted rates for the individual engines and are determined as follows: The
number of ingestions per 10 square feet inlet area for each engine is projected
by multipiying the rates by the number of aircraft operations., The composite
rates are calculated by dividing the total projected ingestions for both engines
by the total aircraft operations for the geographical region. Table 4.1B lists
engine ingestion rates based on engine operations and normalized for the engine

inlet ares.

The ingestion rates for the CFM56 engine were calculated using reported
aircraft operations for specific geographical regions. The ingestion rates for
the JT8D engine were calculated using estimated aircraft operations for specific
geographical regions, The details of the calculation were presented in Section

3, equation 3.1.

Figure 4.1 shows monthly ingestion rates subdivided by engine type and
adjusted for inlet area so that a comparison between engine types can be made.
agz) for an engine type, expressed as

The adjusted monthly ingestion rate (R

ingestions per 10 ft2 per 10,000 aircraft operations, is calculated as:

1440 10000
Radj = Ing + 2IA - Ops 4.1

where Ing is the number of monthly aircraft ingestion events for an engine type,
IA 18 the inlet area (i1n2) of the engine type, and Ops is the number of aircraft

22
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TABLE 4.1A

BREAKDOWN OF BIRD INGESTION RATES BY ENGINE AND LOCATION

(BASED ON AIRCRAFT OPERATIONS)

ENGINE TYPE: JT8D CFM56
INLET AREA:" 2234 in? 4606 in?

UNITED STATES

Aircraft Ingestion Events 62 77
OAG Aircraft Operations 2,242,634 881,087
Ingestion Rate 0.28 0.87
?Ing/lOK ops)
Normalized Ingestion Rate 0.18 0.27
(Ing/10K OpsS/10ft?)
FOREIGN
Aircraft Ingestion Events 260 103
OAG Aircraft Operations 2,120,604 476,621
Ingestion Rate 1.23 2,16
?Ing/lOK Ops)
Normalized Ingestion Rate 0.79 0.68
(Ing/10K Ops/10ft?)
WORLDWIDE
Aircraft Ingestion Events 322 182f
OAG Aircraft Operations 4,363,238 1,357,708
Ingestion Rate 0.74 1.34
Ing/10K Ops)
Normalized Ingestion Rate 0.48 0.42

(Ing/10K Ops/10ft?)

*Total Area for 2 Engines
t2 aircrast Ingestions at Unknown Location

23

ALL ENGINES
N/A

139
3,123,721
0.44

0.21

363
2,597,225
1.40

0.77

504t
5,720,946
0.88

0.46




/

TABLE 4.1B

BREAKDOWN OF BIRD INGESTION. RATES BY ENGINE AND LOCATION
(BASED ON ENGINE OPERATIONS)

ENGINE TYPE:
INLET AREA:*

UNITED STATES
Engine Ingestion Events
OAG Engine Operations

Ingestion Rate
?Ing/lOK ops)

Normalized Ingestion Rate
(Ing/10K OpsS/10ft?)

FOREIGN
Engine Ingestion Events
OAG Engine Operations

Ingestion Rate
Ing/10K Ops)

Normalized Ing stion Rate
(Ing/10K Ops/10ft?)

WORLDWIDE

Engire Ingestion Events
OAG Engine Operations

Ingestion Rate
Ing/10K Ops)

Normalized Ingestion Rate
(Ing/10K Ops/10ft?)

*Total Area for 1 Engine

JT8D -
1117 in?

64
4,485,268
0.14

0.18

264
4,241,208
0.62

0.80

328
8,726,476
0.38

0.48

CFM56
2303 in?

82
1,762,174
0.47

0.29

109
953,242
1.14

0.71

193t
2,715,416
0.71

0.44

1Location Unknown for 2 Engine Ingestion Events
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ALL ENGINES
N/A

146
6,247,442
0.22

0.21

373
5,194,450
0.72

0.79

521t
11,441,892
0.46

0.48
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MONTH & YEAR

Figure 4.1 Histogram of Monthly Aircraft Ingestion Rates by Engine Type




operations for the month. Twice the engine area 1s used because there are two
engines on each B737 aircraft. The constant 1440 is the factor for converting ’
square inches to units of 10-square-foot areas. ]

The phase of flight ingestion rate tabulation is presented in table 4.2A.
The method used to calculate ingestion rate 1 is expressed in equation 3.1. The
area adjustment used for ingestion rate 2 is implemented using equation 4.1. The
highest ingestion rates were in the takeoff and landing phases followed by the
climb and approach phases. There were very few ingestions during the taxi and
cruise phases of flight. This pattern is typically seen in bird strike and bird
ingestion studies and is indicative of the fact that airports are often located
in desirable bird environs. Since birds congregate around airports there is a
greater chance of striking or ingesting a bird during the phases of flight that
take place close to the airports. Also, commercial airline cruise routes are
well above the altitude in which birds are usually found. Table 4.2B lists
engine ingestion rates as a function of phase of flight. The differences in
ingestion rates between table 4.2A and 4.2B are due to multiple engine ingestion
events.

4.2 THE POISSON PROCESS

The Poisson process is the simplest type of stochastic process which
describes how events are distributed in time. The Poisson process is here taken
to govern aircraft ingestion events, and the times at which they occur are
random. In a Poisson process the events are distributed somewhat evenly in time
so that it appears that the times at which the events occurred form a uniform
distribution. This section describes some of the properties of Poisson processes
that will be useful in describing bird ingestions and in testing hypotheses about
bird ingestion rates.

The basis of a Poisson process 1s a description of the probability
distribution of the number of events that occur in a given time interval. The
formula for the probability of n events in an interval of length T is:

AT, o 4.2
P(X(T)=n) = &—1"

n!

The parameter is )\ the mean rate at which events occur and the mean number of
events in the length T time interval is AT. The time scale that will be used in
this study 1s number of aircraft operations. Ingestion rates are typically
reported in events per 10,000 aircraft operations which implies the use of
aircraft operations as the time scale in a Poisson process,

One derivation of the formula for the Poisson distribution is the limiting
distribution of the binomial distribution for large sample sizes. Jf we assume
that the probability of a bird ingestion is the same from flight to flight then
the number of ingestions in a large number of flights has a binomial
distribution. If the probability of ingestion is p and the number of flights is
N then the probability that n ingestions occur in the N flights is:

P(X(N)=n) -(:) pR(1-py)N-®) 4.3
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The binomial probabilities in equation 4.3 can be approximated by a Poisson
distribution with mean Np for large values of N. That is, the single flight
probability of an ingestion, p, replaces A in equation 4.2,

An important question that can be investigated through the Poigson process
model of bird ingestions 1is the influence of inlet area on the ingestion rates.
Past studies [2,3] in bird strikes have used the assumption that the probability
of a bird strike is proportional to the cross sectional area of the aircraft.
Applying the same concept to engines implies that the bird ingestion rate should
be proportional to the inlet area of the engine.

The inlet area effect can be incorporated into the Poisson process model by
letting the parameter A represent the ingestion rate per unit area. The
probability of n ingestions in N operations for an engine with inlet area A is:

-AAN n
P(X(N)-n) - L_.(M .

n!

4.4

4.3 VALIDITY OF THE POISSON PROCESS MODEL FOR BIRD INGESTIONS

The applicability of the Poisson process model can be tested by analyzing
the times between ingestions. The interarrival times in a Poisson process are
random variables that have independent exponential distributions and the mean
time between arrivals is the reciprocal of the ingestion rate. The validity of
the Poisson process model can be tested by applying a goodness-of-fit (GOF) test
for the exponential distribution to the times between ingestions.

The times between ingestions are measured by the number of days between
aircraft ingestion events. Normally the number of aircraft operations between
aircraft ingestion events would be used; however, it is impossible to measure
this directly. The number of days between aircraft ingestion events provides a
suitable measure of the time between ingestions since daily aircraft operations
are reasonably consistent.

The GOF test for the exponential distribution is a modified Kolmogorov-
Smirnov (K-S) test comparing the observed cumulative distribution function (CDF)
to the predicted exponential CDF based on the sample mean. The K-S test uses the
test statistic D defined as the maximum distance between the observed and
predicted cumulative distribution functions. A modification to the critical
values for the test statistic 1s required when the predicted CDF is derived from
the mean of the sample. The critical values for the modified K-S test were
computed by Liliefors [4]. The critical value for a 0.05 level of significance
when the cample size, n, is larger than 30 can be approximated by 1.06/vn.

The modified K-S test was run on five subgroups of the data broken down by
engine and location. The five groups were (1) domestic (United States) JT8D, (2)
contiguous US JT8D, (3) foreign JT8D, (4) contiguous CFM56, and (5) foreign
CFM56. There were no CFM56 ingestions in Alaska or Hawaii. Figures 4.2 through
4.6 compare the observed and predicted cumulative distributions for each of the
five groups, respectively. In each case there is a very close visual agreement
between the observed and predicted CDF's.
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The visual similarities are verified by the statistical tests which are
summarized in table 4.3. The mean time between ingestion events is given in
column one. The sample size given in column two is the count of times between
ingestions and is one less than the number of aircraft ingestion events. The
critical value for a 5 percent significance level (D*) 1s in column three and
the test statistic (D) is in column four. The assumption that the times between
ingestion events come from an exponential distribution cannot be rejected at the
5 percent level in any of the five groups. The use of a Poisson process to
model bird ingestions 1s appropriate based on these test results.

4.4 TINLET AREA EFFECT ON INGESTION RATES

One property of the Poisson process model described in Section 4.2 is that
ingestion rates should be proportional to the inlet area of the engine. The size
effect can be investigated in the B737 bird ingestion data by comparing the
number of ingestion events of the JT8D with the number of ingestion events of
the CFMS56. According to equation 4.4 the total number on ingestion events during
the reporting period for a given engine has a Poisson distribution with a mean
that is proportional to the number of aircraft operations in the year and to the
inlet area of the engine. The number of JT8D ingestion events out of the total
number of ingestion events will have a Binomial distribution if the Poisson
process model is valid.

The proportion of total ingestion events that occurred in JT8D engines
should be:
0J*AJ
P = OJ*AJ+OC*AC , 4.5

where 0J and 0OC are the numbers of worldwide aircraft operations for, and AJ and
AC are the inlet areas of, the JT8D and CFM56 engines, respectively. The
relevant values for equation 4.5 can be obtained from table 4.1 giving an
expected proportion of JT8D ingestion events of P = 0.61, Out of 504 total
ingestion events, there were 322 JT8BD ingestion events so that the observed
proportion of JT8D ingestion events is 0.64. The test statistic to compare the
observed proportion to the predicted is the standard Z statistic for the
binomial distribution given by:

z=(®-P) [/ fCB* 1P ] N), 4.6

where P 1s the observed proportion of JT8D engines and N is the total number of
aircraft ingestion events.

The Z statistic defined in equation 4.6 1s used to test the null hypothesis
that there is no difference between the two types of engines in ingestion rates
after adjusting for area. The test statistic is computed by substituting the
value 0.61 for P and 0.64 for p in equation 4.6 to give a value of 1.37. The Z
value of 1.37 1s not significant at the 5 percent level of significance so there
is no detectable difference in ingestion rates between the JT8D and the CPM56
after adjustment for the inlet area.
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TABLE 4.3
RESULTS OF THE EXPONENTIAL GOF TESTS TO VERIFY THE POISSON PROCESS

(1) (2) (3) (4)

SAMPLE
AREA ENGINE MEAN SIZE p* D
United States JT8D 10.95 61 0.14 0.07
Contiguous US JT8D 13.10 51 0.15 0.07
Foreign JT8D 2.79 259 0.07 0.07
United States CFM56 9.55 76 0.12 0.08
contiquous ust  crmse 9.55 76 0.12 0.08
Foreign CFM56 7.12 102 0.11 0.05

t a11 us crmse Ingestions Occurred in Contiguous US
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A second school of thought suggests that the relationship between engine
size and ingestion rate is described better as a linear function of diameter than
as a linear function of area., A similar Z test can be computed by substituting
diameter for area in equation 4.5. The expected proportion of JTBD ingestion
events after an adjustment for diameter is P = 0,69 and the test statistic is Z =
-2.72. The null hypothesis is that there is no difference in ingestion rates
after adjusting for diameter and the conclusion of the test is that there is a
detectable difference at the 5 percent level of significance. The engine size
effect on ingestion rates seems to be described better by the inlet area than by

the diameter for the 2-year period.
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SECTION 5
AIRPORT BIRD INGESTION EXPERIENCE

The objective of the statistics of this section is to identify the
frequency and location of bird ingestion events at airports worldwide. An
aircraft ingestion event 1is the simultaneous ingestion of one or more birds by
one or more engines of an aircraft. All of the bird ingestion data were
provided by the engine manufacturer. Airport ingestion rates are expressed in
terms of ailrcraft ingestion events per 10K airport operations.

The OAG tapes indicate that there are 1,095 airports worldwide for which
11,441,892 B737 airport operations were scheduled during the reporting period.
Appendix A lists the airport code, airport location, and the number of scheduled
airport operations at these airports (STGFY87-88). Bird ingestion events were
reported at only 188 of these airports. The OAG tapes show that there were
4,203,284 scheduled airport operations at these 188 airports. There were also
bird ingestion events reported by unscheduled B737 flights at 16 additional
airports. These 16 airports are included in appendix A but there are no O0AG
operations counts for them.

A complete summary of the airports having reported aircraft ingestion
events is presented in table 5.1 as a frequency count of worldwide bird ingestion
events by phase of flight. The majority of aircraft ingestion events occur
during takeoff or landing. This table suggests that the threat of bird
ingestion is posed primarily from birds which live near the airport and/or whose
migratory path crosses over or near the airport property.

Figure 5.1 i1s a bar chart showing reported aircraft ingestion events at
domestic airports during the reporting period. There are 54 domestic airports at
which bird ingestion events have been reported. The largest number of aircraft
ingestion events reported in the United States during the period was 7 at both
Dallas, Love (DAL) and Houston (HOU). Of the 139 aircraft ingestion events
reported in the United States, 40 events occurred at an unknown location and they
are assigned to the airport code XUS on the bar chart.

Figure 5.2 is a bar chart showing reported aircraft ingestion events at
foreign airports during the reporting period. There are 150 foreign airports at
which bird ingestions have been reported. The largest number of aircraft
ingestion events reported abroad during the period was B at Frankfort, Germany
(FRA).. Of the 363 aircraft ingestion events reported outside of the United
States, 121 events occurred at an unknown location and they are assigned to the
airport code XFO on the bar chart.

Table 5.2 1ists all airports worldwide which experienced three or more
aircraft ingestion events during the reporting period. The table also includes
the number of ingestion events, the number of OAG airport operations, and the
rate of aircraft ingestion events per 10,000 airport operations. The airports
are listed in descending order of airport operations.
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The rates of bird ingestion events per aircraft operation summarized
previously in table 4.1 are twice the rates of bird ingestion events per airport
operation. The number of reported foreign bird ingestion events exceeds the
number of reported domestic ingestion events by a factor of 2.6; however, the
number of foreign airport operations is less than the number of domestic airport
operations. The rate of reported bird ingestions per airport operation is 3.2
times higher at foreign airports than at domestic airports. This implies that
either (1) there are far less birds in the environment of domestic airports,
possibly due to environmental control programs, or (2) foreign airline operators
are much more conscientious and cooperative in reporting bird ingestions.
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BOEING-737 BIRD INGESTION STUDY
(OCTOBER 1986-SEPTEMBER 1988)

AIRCRAFT INGESTIONS AT DOMESTIC AIRPORTS
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Figure 5.1 Histogram of Aircraft Ingestion Events at Domestic Airports.
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SECTION 6
ENGINE DAMAGE DESCRIPTION

The type of damage incurred by well-defined bird ingestions is useful in
refining bird certification test criteria that could lead to improved engine
design. In general, three parameters are used to describe engine damage and
failure. The first is the type of damage Iincurred, the second is whether or not
the engine failed, and the third is a description of the crew action taken during
the ingestion event. The first part of this section provides descriptions of the
types of damage incurred during the study and the types of crew actions
implemented as a result of the bird ingestion. The second part describes the
statistical analysis of the relationship between bird weight and the likelihood
of damage occurring in an ingestion. The lsst part of this section provides
estimates of the probabilities of a crew action or an engine shutdown. (The
information about engine failures was not available at the time of this report so
engine failures are not discussed here.)

6.1 FENGINE DAMAGE AND CREW ACTION DESCRIPTIONS

The types of damage that were identified in the data base were grouped into
14 categories which are defined in table 6.1. Within the first 2 years of data
collection 13 of the categories occurred. Tabulations of the occurrences of
combinations of damage categories are presented in table 6.2, The triangular top
portion of the table provides tallies of co-occurrences for all pairs of damage
categories. The number in the top portion represents the number of engine
ingestion events in which both the row damage and the column damage occurred.
The events in which more than two types of damage occurred were also included in
the tallies of the top portion of table 6.2. There were thirteen events in which
three types of damage occurred and one event with five types of damage.

There are insufficient data in the top portion of table 6.2 to make any
strong statements about correlations between types of damage. There is some
indication that bent and dented blades accompany broken and shingled blades and
that leading edge blade damage accompany blade shingling; however, these trends
cannot be strongly substantiated because of the small amount of data. The
observed trends could provide the starting point for further investigations into
the damage mechanisms of bird ingestions. '

The bottom half of table 6.2 provides tallies of the number of engine
ingestion events in which each damage category was the only type of damage and
the total number of events that involved each of the damage categories. Fewer
than three bent and dented blades, shingled blades, and broken blades seem more
likely to occur by themselves than other types of damage. When more than three
blades are bent or dented there is a much higher chance that some other type of
damage will also occur. As with the trends identified in the top portion of
table 6.2, there is insufficient evidence to strongly substantiate these trends.

There were four types of crew action identified in connection with the
aircraft ingestion events in the data base. An air turnback was performed in 50
of the events, the takeoff was aborted 27 times, a diversionary maneuver was
performed 8 times and in 1 event the crew action was listed as other without
specifying the type of action taken. There was no crew action taken in 117 of
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TABLE 6.1 DEFINITION OF ENGINE DAMAGE CATEGORIES

DAMAGE
CATEGORY

TRVSFRAC

CORE

FLANGE
TURBINE

BE/DE>3
TORN>3
BROKEN
SPINNER
RELEASED

TORN<3
SHINGLED
NACELLE

LEAD_EDG
BEN/DEN

SEVERITY
LEVEL

Severe

Severe

Severe
Severe

Moderate

Moderate

Moderate

Moderate

Moderate

Mild
Mild
Mild

Mild
Mild

DAMAGE DEFINITION

Transverse fracture - fan blade broken
chordwise (across) and piece liberated
(includes secondary hard object damage).
Bent/broken compressor blades/vanes,
blade/vane clash, blocked/disrupted
airflow in low, intermediate, and high
pressure compressors. '

Flange separations.

Turbine damage.

More than three fan blades bent or
dented.

More than three torn fan blades.
Broken fan blades, leading edge and/or
tip pieces missing, other blades also
dented. '

Dented, broken, or cracked spinner
(includes spinner cap).

Released (walked) fan blades (blade
retention mechanism broken).

Three or fewer torn fan blades.
Shingled (twisted) fan blades.

Dents and/or punctures to the engine
enclosure (includes cowl).

Leading edge distortion/curl.

One to three fan blades bent or dented.
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the aircraft ingestion events for which a crew action entry was recorded, which

is slightly more than half the time. (One airplane crashed on takeoff.) The ’
crew action should correspond to the phase of flight in which the event

occurred. No change in the flight 1is usually required when an ingestion occurs

during a landing maneuver. The air turnbacks and aborted takeoffs would most

likely occur during takeoff and climb phases since there were practically no

ingestions during the cruise phase.

6.2 PROBABILITY OF DAMAGE

One of the key questions that inspired the bird ingestion survey is the
issue of what size bird should be simulated in certification testing. Two of
the main issues in deciding what the certification bird size should be are (1)
the likelihood of ingesting a bird of the certification size or larger and (2)
the likelihood that damage will result from ingesting a bird of the
certification size. The 1issue of bird sizes is discussed in Sections 3 and 7
while the probability of damage is the topic of this section. .

The problem of relating bird weight to the probability of damage (POD) is
similar to bio-assay experiments which try to predict the probability of a
response as a function of dose size. The key elements of similaritv are that
the probability of success for a dichotomous (pass/fail) trial is related to a
continuous stimulus variable. In bird ingestions, the dichotomous trial is
whether or not damage occurs and the stimulus variable is the weight of the
ingested bird. ’

Linear logistic analysis is the most commonly used method of analyzing the
dosage-response type of data and has been used successfully in relating the
probability of transparencies breaking as a function of projectile size in
dealing with the problem of propwash blown gravel breaking helicopter
windshields [5]. The logistic distribution function is assumed to describe the
relationship between the probability of damage and the bird weight in a linear
logistic analysis. The logistic distribution function is given by:

POD(w) = 1/ |L+exp[-(m/ 3 (w-p0) /0] | 6.1

where w is the bird weight, i is the weight with a 50 percent chance of causing
damage and O is a parameter that is related to the steepness of the POD function.

The estimation of the function given in equation 6.1 has been extensively
studied and the methods have been described in the literature [6,7]. The method
of maximum likelihood provides the best estimates for the type of data in the
bird ingestion study since there are only a few ingestions at each weight. The
software for estimating the parameters of equation 6.1 has been developed and
extensively tested at the UDRI [8] and verified by researchers at other
institutions.

The types of damage were categorized as mild, moderate, or severe by the
FAA. Table 6.3 itemizes the types of damage that were included in each of the
severity categories. Three distinct analyses were conducted based on the
severity ratings. The three analyses estimated the probability of any damage,
the probability of at least moderate damage, and the probability of severe
damage as a function of bias weight. Figures 6.1, 6.2, 6.3 show the estimated
POD functions along with confidence bounds on the POD functions for the three
analyses.
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SEVERITY
LEVEL

TABLE 6.3 DAMAGE SEVERITY DEFINITIONS

DAMAGE DEFINITION

SEVERE
DAMAGE

MODERATE
DAMAGE

MILD
DAMAGE

Damage classified as severe. Achieved when reported
damage category is TRVSFRAC, CORE, FLANGE, or

TURBINE.

Damage classified as moderate. Achieved when
reported damage category is BE/DE>3, TORN>3, BROKEN,
SPINNER, or RELEASED and no SEVERE damage has been
reported.

Damage classified as mild. Achieved when reported
damage category is LEAD_EDG, BEN/DEN, TORN<3,
SHINGLED, or NACELLE and no SEVERE nor MODERATE
damage has been reported.
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Figure 6.1 shows the probability of any damage occurring and includes all
three severity levels as positive responses. The probability of any damage
occurring rises very steeply, reaching 50 percent at about 4.3 ounces and the
curve levels off at the 90 percent level at about 30 ounces. The relationship
between bird weight and the probability of any damage is very strong and results
in the confidence bound being close to the mean trend curve.

The probability of moderate damage does not rise quite so steeply, and a
definitive weight cutoff between birds that cause damage and those that do not
cause damage cannot be identified. The probability of moderate damage reaches 50
percent at 15 ounces and 90 percent at 95 ounces. The confidence bound sghown in
figure. 6.2 is further from the mean trend than the confidence bound in figure 6.1
because the trend in the probability of moderate damage as a function of bird
weight is not as strong as the trend in the probability of any damage.

The probability of severe damage and its confidence bound are plotted in
figure 6.3 as functions of bird weight. The probability of severe damage is much
lower than the probabilities of any damage or moderate damage. As a result, the
curves are much flatter and rise much more slowly than the curves in figures 6.1
and 6.2. The probability of severe damage reaches 50 percent at 110 ounces and
increases with bird weight; however, through the weight range collected in this
study, the probability of severe damage remains below 60 percent.

The probability of damage analysis is clouded by the poor bird
identification rates. The estimated POD functions are likely to be biased toward
higher POD values since there was a larger proportion of birds identified when
engine damage occurred. The extent of the bias cannot be estimated accurately.

6.3 CREW ACTION AND ENGINE SHUTDOWN PROBABILITIES

Two other factors that relate to the severity of engine damage are whether
or not a crew action is required and whether or not an engine was shut down as a
result of the ingestion. Table 6.4 1ists the conditional probabilities that a
crew action 1s required given the severity of damage that the engine incurs. The
probability that a crew action is required increases with the severity of engine
damage as expected. The third column of table 6.4 contains the upper 95 percent
confidence bound on the condiiional probabilities given in column two.

The formulae for the estimates of the conditional probability of a crew
action given the engine damage severity are:

5.C

Ng 6.2

Pep = P + 1.645y|P_(1-P) _ 6.3
NB

In equations 6.2 and 6,3, P is the estimated conditional probability of a crew
action, C is the number of aircraft ingestion events in which a crew action was
taken and an engine sustained the given severity level, Ng is the number of
aircraft ingestion events in which an engine sustained the given severity level
and Pcg is the upper confidence bound on the conditional probability. The
conBtant 1.645 is derived from the cumulative normal distribution function to

T'give a 95 percent level of confidence.
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TABLE 6.4

CONDITIONAL PROBABILITY OF CREW ACTION
GIVEN THE ENGINE DAMAGE SEVERITY

PROBABILITY OF UPPER

CREW ACTION CONFIDENCE
ENGINE DAMAGE SEVERITY P(CA) BOUND
NO DAMAGE .10 .13
DAMAGE .23 .28
AT LEAST MODERATE DAMAGE .34 .43
SEVERE DAMAGE .54 .71
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An in-flight engine shutdown occurred in 18 of the 504 aircraft ingestion
events, which corresponds to an estimated probability of an in-flight engine
shutdown given that an ingestion has occurred of 0.034 with a 95 percent
confidence bound of 0.047. The reason for the shutdown was not known in nine of
the events. An involuntary shutdown occurred five times; excessive vibration
precipitated the shutdown twice; the engine was shut down because of the
incorrect engine pressure ratio once and incorrect engine parameter readings
once. Inferences about the causes of in-flight shutdowns cannot be drawn because
of the large proportion of shutdowns in which the cause was not identified.
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SECTION 7
_PROBABILITY ESTIMATES

This section provides a summary of the probabilities of various bird
ingestion events. .The probability of an event is a measure of the likelihood
that the event will occur. The probabilities in this section are calculated on a
per operation basis and present similar information to the ingestion rates. The
ingestion rates that were presented in Section 4 were calculated on the basis of
10,000 aircraft operations; however, it was shown in Section 4.2 that the per
operation Iingestion rate is equal to the probability of ingestion for a single
operation., This section provides more details on the probabilities of various
categories of bird ingestion events.

Table 7.1 provides the estimated probabilities and 95 percent confidence
bounds for the whole B737 fleet for various aircraft ingestion events. The
overall likelihood of an aircraft ingestion event in a single operation is
slightly less than one iIn ten thousand and, although the odds of having a bird
ingestion on any one operation are very small, there are millions of B737
operations each year so that hundreds of ingestions are expected each year. Most
ingestions occur during the takeoff and landing phases so the probabilities for
takeoff and climb and the approach and landing phases are relatively large.

Dual engine and multiple bird ingestions are relatively rare, which is reflected
in the smaller probabilities for these events.

The inlet area effect on the probabilities is shown in table 7.2 which
separates the probabilities by location and engine. The probabilities for the
CFMI CFM56 are always larger than the corresponding probabilities for the Pratt
and Whitney JT8D. The larger probabilities for the CFM56 are expected since the
inlet area of the CFM56 is nearly twice the inlet area of the JT8D.

The effect of bird weight on the probabilities is estimated in tables 7.3
and 7.4, The entries in tables 7.3 and 7.4 were calculated by multiplying the
overall probability for each location/engine combination by the relative
frequency of each bird weight range. The relative frequencies for bird weight
ranges were derived from the weights of positively identified birds and are based
on the number of events that involved birds in each weight range, not the total
number of birds ingested. The validity of this calculation is dependent on the
randomness of bird identifications, as discussed in Section 3. Table 7.3
provides a tabulation of the probability of ingestion (POI) by location and
engine while table 7.4 combines the two engine types. The calculations in tables
7.3 and 7.4 were made on both an aircraft operation basis (tables 7.3A and 7.4A)
and an engine operation basis (tables 7.3B and 7.4B),
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TABLE 7.1 AIRCRAFT OPERATION INGESTION PROBABILITIES

AIRCRAFT *
INGESTION PROBABILITY
CONDITION EVENTS OF INGESTION
All Flights : 502 8.77
Takeoff & Climbf 331 5.79
Approach & LandingT 158 2.76
Dual Engine / 12 0.21
Single Bird Per Engine
Dual Engine / 5 0.09
Multiple Birds
Multiple Birds / 28 0.49
Single Engine
Moderate/Severe 81 1.42

Damage

Scaled by 105

t Contains prorated apportionment of events with
unknown phase of flight
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TABLE 7.4A

PROBABILITY OF INGESTION® AS A FUNCTION OF BIRD WEIGHT BY LOCATION
(BASED ON AIRCRAFT OPERATIONS)

BOEING-737 COMMERCIAL FLEET

UNITED STATES  FOREIGN WORLDWIDE
Aircraft Operations: 3,123,721 2,597,225 5,720,946
Bird Weight Range Probability Probability Probability
(Ounces) Of Ingestion Of Ingestion Of Ingest#on
( 0<Xs &) 1.701 2.071 2.455
( 6<Xs< 8) 0.654 3.623 1.733
( 8<X=< 12) .- 3.106 0.867
(12 <X < 16) . 0.654 2.071 1.300
(16 <X < 20) 0:131 0.518 0.289
(20 <X < 24) 0.131 .- 0.144
(26 <X < 28) 0.131 .-- 0.144
(28 <Xs 32) .- 0.518 0.144
(32 <X< 36) 0.131 .- 0.1644
(36 <X < 40) 0.524 1.035 0.867
(52 <Xs 56) 0.262 e- 0.289
(76 <X s 80) .- 0.518 0.144
(8 <Xs 88) .-- 0.518 0.144
(124 < X < 128) 0.131 .- 0.144
(A1l Events) 4.450 13.976 8.810

*Probability that either engine will ingest 1 or more birds of
a given weight class per aircraft operation. Probabilities
have been scaled by 105.
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TABLE 7.4B

PROBABILITY OF INGESTION® AS A FUNCTION OF BIRD WEIGHT BY LOCATION
(BASED ON ENGINE OPERATIONS)

BOEING-737 COMMERCIAL FLEET

UNITED STATES  FOREIGN WORLDWIDE
Engine Operations: 6,247,442 5,194,450 11,441,892
Bird Weight Range Probability Probability Probability
{Ounces) Of Ingestion Of Ingestion Of Ingestion
( 0<Xs &) 0.922 0.927 1.254
( 4<Xs 8) 0.307 1.621 0.792
( 8<Xs 12) .-- 2.316 0.660
(12 <X =< 16) 0.307 0.927 0.59
(16 < X = 20) 0.184 0.232 0.264
(20 <X < 26) 0.061 .- 0.066
(26 <X s 28) 0.061 .- 0.066
(28 <X < 32) : .- 0.232 0.066
(32<Xs 36) 0.061 .- 0.066
(36 <X s 40) 0.246 0.463 0.396
(52 <Xs 56) 0.123 .- 0.132
(76 <X s 80) .- 0.232 0.066
(84 <Xs 88) . 0.232 0.066
(126 < X s 128) 0.061 .- 0.066
(All Events) 2.337 7.181 4.554

*Probabi]ity that an engine will ingest 1 or more birds of a
given weight class per engine operation. Probabilities have
been scaled by 105,
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SECTION 8
DATA QUALITY

The interpretations derived from any large set of data are only as good as
the data. The use of poor data can lead to invalid and misleading conclusions.
The conclusions reached in this report should be interpreted in the context of
the sources of the data and the quality of the data. The following paragraphs
discuss the sources of data for the first 2 years and the quality of the data as
measured by the consistency of the data collected in the first and second years.

8.1 DATA SOURCES

The main body of data was collected by the manufacturers of the two engines
used on B737 aircraft under separate contracts with the FAA, The method of data
collection was a census rather than a survey sample; i.e., the goal was to
collect information on every B737 bird ingestion event in the 2-year period. A
complete census 1s nearly impossible to achieve under any circumstances;
therefore, estimates involving the total number of ingestions, such as ingestion
rates, should be viewed as lower bounds.

One specific factor that may have hindered collecting ingestion data for all
B737 bird ingestion events was that the International Civil Aviation Organization
(ICAO) was also collecting bird ingestion data. Data from sources other than the
engine manufacturers are also available for part of the 2-year period and have

been included in the data listing in appendix B. The other sources include ICAO,

the FAA Voluntary Bird Strike/Incident Report (FAA Form 5200-7), and reports
received from FAA Field Inspectors (see FAA Action Notice A8300.39) and the FAA
Service Difficulty Report (SDR). These data were not used in the analysis.

One method of improving the collection percentage for the B737 bird
ingestion data is to include the data collected by the ICAO and the other
sources; however, two problems prevent including the data at this time. The
first problem is the collection and reporting cycles of the FAA and the ICAO are
not synchronous; therefore, data from the ICAO are not yet available for the full
2-year period. The second problem is that the manner in which bird ingestion
reports for individual events were prepared may differ from the way the engine
manufacturers collected bird ingestion event information., The differences could
affect interpretations made from the combined data sets,

At some future date, when complete data are available from all sources and
potential conflicts in data collection procedures have been analyzed, all the
sources of data could be combined to provide a more complete description of B737
bird ingestions. The descriptions in this report are based only on the data
collected by the engine manufacturers for the FAA,

8.2 INTERNAL CONSISTENCY

The data collected over the second year of the program appear to be
consistent with the data collected in the first year. Most of the tables,
graphs, and statistical tests presented in this report for the 2-year period are
very similar to the corresponding data presented in the report [9] for the data
collected in the first year. This section provides statistical verification of
the similarities and discusses some of the differences.
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The first }eature for comparing the 2 years is the total number of aircraft
ingestion events collected in each year, Section 4 provided evidence that
aircraft ingestion events occur according to a Poilsson process so that the same 7
test used to study the size effect on ingestion rates can be used to compare the
yearly ingestion rates. According to the properties of a Poisson process, the
proportion of events that were recorded in the first year should be equal to the
proportion of operations conducted in the first year.

The same formulas used in Section 4 can be used here except that the area
factor is no longer required since comparisons are made between years for the
same engine. The formula for the expected proportion of events in the first vear
becomes:

P =01/ (01 + 02) 8.1

where Ol and 02 represent the number of operations for the specific engine and
geographic location for the first and second years, respectively. The
proportion of aircraft ingestion events in the first year 1is used as P 1in
equation 4.6 along with P as defined in equation 8.1 to test the null hypothesis
that the Ingestion event collection rates were the same for both years.

The data for performing the test are presented in table 8.1 and table 8.2.
The number of events and number of operations for each year are broken down by
engine type and geographic location in table 8.1. The calculated Z values for
the test are given in Table 8.2 for each engine and location combination. Any
type of change, either an increase or a decrease, is important so that a two-
sided test (with critical values of +1.96 for a 5 percent level of significance)
should be used. The only significant change is in the collection rate for
foreign JT8D data.

The large positive value of the test statistic for foreign JT8D ingestion
rates indicates a reduction in the amount of data collected. One possible
explanation is that the efforts of the ICAO to collect bird ingestion data may
have hindered the collection of data for the JT8D. The outside agency has not
yet published their data for the entire second year however, so there 1s
insufficient data to test for a corresponding increase in their foreign JT8D
collection rates.

The change in collection rates for the JT8D could affect the test for size
effect that was described in Section 4. In the first year report [9] both area
and diameter provided adequate adjustments for the differences in ingestion
rates between the two engines. In this report, area provides an adequate
adjustment but diameter does not. It is possible that there were insufficient
data in the first report to rule out using the diameter adjustment or that the
change in collection rates for foreign JT8D operations has affected the results
of the size effect test. The test of a relationship between diameter and
ingestion rate should be considered inconclusive since there is confusion about
the reason for the result.

Another check on the consistency of the data collection is to compare the
birde that were identified in the 2 years. There were too many different
species and locations of ingestions to allow comparisons of these features;
however, if the species fdentifications are reduced to bird weights, the
cumulative weight distributions for the first and second years can be compared.
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TABLE 8.1

COUNTS FOR UNITED STATES AND FOREIGN
EVENTS AND OPERATIONS BY YEAR AND ENGINE

YEAR 1 YFAR 2
EVENTS OPERATIONS EVENTS OPERATIONS
UNITED STATES 27 1160091 35 1082543
JT8D
FOREIGN 160 1057633 100 1062971
UNITED STATES 39 353656 38 527431
CFMS6
FOREIGN 43 174206 60 302415
TABLE 8.2

COMPARISONS OF THE COLLECTION RATES OF THE FIRST AND SECOND YFARS
USING Z TESTS FOR POISSON PROCESSES

UNITED .
STATES FOREIGN
JT8D -1.29 3.76

CFM56 ' 1.88 1.10
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Table 8.3 provides a table of the cumulative weight distributions for both
the first and second years for birds ingested in the United States and for birds
ingested in foreign countries. The data in table 8.3 are plotted in figures 8.1
and 8.2 to provide visual comparisons of the first and second-year bird weight
distributions for United States and foreign ingested birds. The distributions
for the United States ingestions are moderately close and the distributions for
the foreign ingestions are very close.

A statistical measure of the closeness of the cumulative distributions
plotted in figures 8.1 and 8.2 is provide by the Kolmogorov-Smirnov D test. The
D statistic {is the maximum vertical distance between two observed cumulative
distribution functions. The D statistic is compared to a test value based on the
sizes of the two samples. When the D statistic 1s smaller than the test value,
the distributions are considered to be similar at a given significance level.

The maximum difference in both figure 8.1 and figure 8.2 occurs at 4 ounces.
The maximum differences in cumulative probability, or the D statistics, are 0.24
and 0.20 for the United States and foreign bird weight distributions,
respectively. For the sample sizes in this study, the D statistics should be
below G.42 and 0.45 for the United States and foreign distributions,’
respectively, when there is no change in the bird weight distributions between
the 2 vears. Both the United States and foreign test statistics are well within
the acceptance range indicating consistent bird weights over the 2 years.

The overall quality of the data collected for the FAA seems to be adequate.
There {s some confusion about the influence of the efforts of other agencies to
collect bird ingestion data on the completeness of the FAA data. A better set of
bird ingestion data might be created by combining data from different sources;
however, the compatibility of the sources should be verified before analyzing the
combined set of data.
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TABLE 8.3

COMPARISON OF WEIGHT DISTRIBUTIONS BETWEEN
BIRDS INGESTED IN THE FIRST AND SECOND YEARS

CUMULATIVE RELATIVE FREQUENCY

WEIGHT UNITED STATES FOREIGN
(02)
YEAR 1 YEAR 2 YEAR 1 YEAR 2
4 0.32 0.56 0.25 0.05
0.44 0.67 0.42 0.32
12 0.44 0.67 0.67 0.84
16 0.72 0.78 0.92 0.86
20 0.76 0.78 0.92 0.89
24 0.76 0.83 0.92 0.89
28 0.76 0.89 0.92 0.89
32 0.76 0.89 0.92 0.92
36 0.76 0.94 0.92 0.92
40 0.88 1.00 1.00 0.95
56 0.96 1.00 1.00 0.95
80 0.96 1.00 1.00 0.97
88 0.96 1.00 1.00 1.00
128 1.00 1.00 1.00 1.00

71




*81va) puoda§ puw 3I8Ig
3yl 103 SUOTINQTIAISTQ IYBTaM pxJg °S°N 3yl jo uostievdwo) 7°g 2andyy

(*zo) LHOIIM QI8

oyl 021 0ol 08 09 (0] 4 02 co.o
| T [ T | T | T | T T T T

O

C

dzo2

>

¢ 4D9) GEEEO 4v0L

| DB sesfestesier M

N 90

o

>

180

-

—r

72




*81B3] puUODIG PuB 3IBATJ
Y3 103 suOTINGFIISF] IYBTaM pafg uByeiog ay3l jo uosjaiwdmo)y z°g andyy

(‘zo) LHOIIM qylg

[4

0

oyl 0c¢i om— Jm mw (0] 4

1 1 1 I 1 L Ll 1

¢ 4PoA GO
| DDA sdlesieierk

!
?
f()

T

0'0
0
cC

20 =
>

P
m

9'0
o
>

8'0 @
C
-
lAn

2
o

73




SECTION 9
CONCLUSIONS

The main goal of this bird ingestion investigation is to provide data to
better define the nature and extent of the bird ingestion threat. The job of
collecting information on bird ingestions is extremely difficult because of the
large number of organizations that must cooperate to collect complete and
accurate bird ingestion data. The sparsity of information that was collected
makes it very difficult to draw strong inferences about the nature of the bird
ingestion threat. This section summarizes conclusions from the first 2 vears of
data for the B737 aircraft.

Bird Descriptions

Gulls, doves, and lapwings are most often ingested.
There is a better identification rate when the engine is damaged.
Ingestions are seasonal and less likely at night.

Ingestion Rates
Ingestion events can be modeled as a Poisson process.
It appears that ingestion rates are proportional to the inlet area of
the engine (i.e., there is no statistically significant difference
between the ingestion rates of the JT8D and the CFM56 after adjusting

for inlet area).

Airport Experiences

More bird ingestions were reported at foreign ailrports than at United
States airports, and the ingestion rates for foreign operations were
higher than for United States operations.

The 33 airports that reported three or more ingestions represented 13

percent of the airports that experienced ingestions and accounted for
26 percent of all ingestion events.

Engine Damage
Some types of engine damage are correlated with other types of damage.
There is some evidence that the probability of any damage increases
with the weight of the bird that is ingested; however, there is

insufficient data to establish a weight relatfonship to severe damage.

Unusual crew actions are more likely when more severe damage is
inflicted on an engine.
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Required in-flight engine shutdowns occur in less than 4 percent of
all ingestion events.

Probabilities of Ingestion

Bird ingestions are more likely during the takeoff and landing phases
of an aircraft operation.
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Term

Engine Ingestion Event
Ingested Bird

Adrcraft Ingestion Fvent
A;rport Operation

Aircraft Operation

Engine Operation

Ingestion Rate

Normalized Ingestion
Rate

SECTION 11
GLOSSARY

Definition of Term

Process whereby one or more birds pass through
the engine inlet during engine operation.

A bird having experienced the process of engine
ingestion event.

Simultaneous ingestion of one or more birds
into one or more engines of an aircraft.

Takeoff (departure) from an airport or a landing
(arrival) at an airport.

A nonstop aircraft flight from one airport to
another. (Includes time from taxi-out from
departure airport through taxi-in at arrival
airport.)

The participation of each engine of an aircraft
in an aircraft operation (e.g., a twin engine
alrcraft would, ideally, experience two engine
operations for each aircraft operation).

The number of aircraft or engine ingestion

events per flight event. Flight event refers to
aircraft, engine or airport operation. The
components of ingestion rate are specified when used
in the report. The influence of engine inlet area is
not considered.

Ingestion rate adjusted to a given nominal

area. Allows statistical comparison of ingestion
rates of engines with different inlet areas.
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APPENDIX A
AIRPORTS WITH SCHEDULED BOEING-737 FLIGHTS

AND/OR REPORTED BIRD INGESTION EVENTS

AIRPORT APTDEF

...............................................................................

EEEESS CRERGEREEIRRERERREREE

BBEIREIZ

ANNABA, ALGERIA
AL GHAYDAW, YEMEN

- ALLENTOMM, -PA, USA

ABIDJAN, COTE D'IVORE (IVORY COAST)
ALBUOGUERQUE, NM, USA

ABU SIMBEL, ARAB REP OF EGYPT
AL BAHA, SAUDL ARABIA
ABUJA, NIGERIA

ABERDEEN, SCOTLAND
ACAPULCO, MEXICO

ACCRA, GHANA

LANZARQTE, CANARY ISLANDS
NANTUCKET, MA, USA

EUREKA ARCATA, CA, USA
1ZMIR, TURKEY

ADDIS ABABA, ETHIOPIA

ADEN, YEMEN

ADAK  ISLAND, AS, USA
ADELAIDE, SA, AUSTRALIA
KOOIAK, AS, US

SAN ANDRES ISLAND, COLOMBIA
BUENOS AIRES - NEWBERY, ARGENTINA
AALESUND, NORWAY

AGADOR, MOROCCO

MALAGA, SPAIN

AGRA, INDIA

AUGUSTA, GA, USA

ABHA, SAUDI ARABIA

AL HOCEIMA, MOROCCO
AJACCIO, CORSICA, FRANCE
JOUF, SAUDI ARABIA

ARACAJU, BRAZIL

AUCKLAND, NEW ZEALAND

KING SALMOM, AS, US

AKURE, NIGERIA

ALBANY, NY, USA

ALICANTE, SPAIN

ALGIERS, ALGERIA
ALEXANORIA, ARA REP OF EGYPT
AMARILLO, TX, USA
AHMEDABAD, INDIA

AN, JORDAN

ANSTERDAM, NETHERLANDS
ANCHORAGE, AS, US
ANTOFAGASTA, CKILE

ANTIGUA, VEST INDIES
ALOR SETAR, MALAYSIA

NAPULA, MOZANSIQUE

APIA, VESTERN SAMOA

GAISUMAN, SAUDI ARABIA

ALOR, INDONESIA

ARICA, CNILE

STOCKNOLM ARLANDA, SWEDEN
ASMARA, ETHIOPIA

ALICE SPRINGS, N.Y., AUSTRALIA
ASUNCION, PARAGUAY

ASUAN, ARAB REP OF EGYPT
ATHENS, GREECE

ATLANTA, GA, USA

ALTAMIRA, BRAZIL

NRITSAR, INDIA

ARUSA

. ARUBA
ABU ONABI, U. A. EMIRATES
AUSTIN, TX, USA
ARAGUATHA, BRAZIL
ASNEVILLE, NC, USA
VILKES-BARRE/SCRANTON, PA, USA
ALEXANDROUPOL IS, GREECE
AKITA, JAPAN
ANTALYA, TURKEY
YAZD, ISLAMIC REP OF [RAN

HEMISPHR CONUS
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AIRPORT APTDEF HEMISPHR CONUS STGFYB? STGFY88
BAN BAHRAIN, BAHRAIN N FGN 11933 10623
BAQ BARRANQUILLA, COLOMBIA N FGN 105 104
88! BHUBANESWAR, [NDIA N FGN 2084 2160
BCN BARCELONA, SPAIN N FGN 4166 4707
8OH BANDAR LENGEM, IRAN N FON 1460 1464
8oL HARTFORD, CN, USA N YES 15001 14757
8DQ VADGDARA, INDIA N FGN 1925 1866
8OT BADO LITE, ZAIRE N FGN 208
BEG BELGRADE, YUGOSLAVIA N FGN 10759 13303
BEL BELEM, BRAZIL s FON 5505 9161
BEN BENGHAZI, LIBYAN A JAMARIRIYA N FGN 0 62
BET BETHEL, AS, US " NO 3190 3238
BEW BEIRA, MOZAMBIQUE S FGN 1304 1112
BFL BAKESFIELD, CA, USA N YES 2742 1037
BFN BLOEMFONTEIN, SOUTH AFRICA S FGN 3954 4710
BFS BELFASY, N. IRELAND N FGN 1570 2915
BFX BAFOUSSAM, CAMEROON N FGN 0 14
BGF BANGUI, CEN. AFRICAN REPUBLIC N FGN 2 340
8G! BARBADOS, BARBADOS N FGN 52 52
BGM BINGHAMTOM, NY, USA N YES 0 130
8BGO BERGEN, NORWAY N FGN 12038 14288
BGW . BAGHDAD, 1RAQ N FGN 0 3
BHHN BISMA, SAUDI ARABIA N FGN 1740 1779
B! BANIA BLANCA, ARGENTINA H FGN 2162 2612
BHJ BHUJ, INDIA N FGN 730
BHM BIRMINGHAM, AL, USA N YES 6048 11193
8HO BHOPAL, INDIA N FGN 1828 2662
[:]..7] BHAVNAGAR, INDIA N FGN 730 732
BHX BIRMINGHAM, ENGLAND (UX) N FGN 2307 2630
81A BASTIA, CORSICA, FRANCE N FGN 234 300
BIL BILLINGS, MT, USA N YES 7285 4583
810 BILBAO, SPAIN N FGN 622 628
81Q BIARRITZ, FRANCE N FGN 52 52
8IS BISMARCK, ND, USA N YES 3396 3760
8JL BANJUL, GAMBIA N FGN (¥4 420
BIN BUJUMBURA, BURUNDI - FGN 245 245
B8JR BAMAR DAR, ETHIOPIA N FGN 0 s
BK1 KOTA KINABALU, SABAN, MALAYSIA N FGN 8699 9134
8KK BANGKOK, THAILANO N FGN 7329 7596
8x0 BAMAXO, MALI N FGN 50 56
BKY BUKAW, ZAIRE s FGN 104 106
[ 18] BELLINGHAM, WA, USA N YES 0 2
sLL BILLUND, DENMARK N FGN riked 2178
sLa BOLOGNA, ITALY N FGN 310 37
LR BANGALORE, INOIA N FGN 5886 2160
BNA NASNVILLE, TN, USA N YES 17920 22380
) BANDAR ABBAS, IRAN N FGN 1460 1922
BNE BRISBANE, OLD, AUSTRALIA s FoN 12830 15610
ol BENIN CITY, NIGERIA N FGN 2127 1875
"Wy 0N, FRG N FGN 0 0
800 SORDEAUX, FRANCE N FoM 688 790
s0! SOISE, 10, USA N YES 5399 5655
sOM BOMBAY, INDIA N FoN 16848 15854
800 B0DO, NORWAY N FGN 2868 3254
808 BOSTON, MA, USA N YES 30820 34903
BRC SAN CARLOS DE BARILOCNE, ARGENTINA § 1663 1656
BRE SREMEN, FED REP OF GERMANY N FGN 4526 5729
RS BRISTOL, ENGLAND (LX) N FoN 2 0
mu BRUSSELS, BELGIUM N FGN 31942 32748
sy BARROM, AS, US N NO 1897 1960
838 SRASILIA, BRAZIL s FGN 22788 30251
st BASEL/MULNOUSE, SWITZERLAND M FGN 554 538
] BUTTE, NT, USA " YES 1440 1464
N BATOY ROUGE, LA, USA " ves 2964 2065
stV BURLINGTON, VT, "USA " YES 2544 2678
o SUDAPEST, NUNGARY “ ™ 1660 1468
suF SUFFALO, MY, USA N YES 17704 16940
" SULAVAYO, 21MBABVE s ™ 1834 2870
T , CA, USA [ YES 11187 16262
o BUMA, ZAIRE [ FGN 210
w2 BUSHENR, IRAN u FGN (" 24
”m B0A VISTA, BRAZIL " FGN 131 1426
svH VITHENA, BRA2IL s FGN 0

Y SALTINORE, D, USA N YES 54438 60614
] SASER! BEGAWAN, BRUNEI DARUSSALAM N ™ 1 2782
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BISSAU, GUINEA BISSAU
BELIZE CITY, BELIZE

SOZEMAN, MT, USA

BRAZZAVILE, PEOP REP OF CONGO
CABINOA, ANGOLA

COLUNBIA, SC, USA

CAGLIARI, ITALY

CAIRO, ARAB REP OF EGYPT
AKRON/CANTON, ON, USA
GUANGZNOU, P. R, CHINA
CASABLANCA, MOROCCO
CAYENNE, FRENCH GUIANA

CAR NICOBAR, INDIA

BECHAR, ALGERIA

CALABAR, NIGERIA

CANBERRA, A.C.T, AUTSTRALIA
CALICUT, INDIA

CONCEPCION, CHILE

CARACAS, VENEZUELA

CALCUTTA, INDIA

PARIS DE GAULLE, FRANCE
CORDOVA, AS, US

WACO KUNGO, 'ANGOLA

CORFU, GREECE

CUIABA MATO GROSSO, BRAZIL
SAC PAULO-CONGONHAS, BRAZIL
JAKARTA-SOEKARND, [NDONESIA
COLOGNE BOWN, FRG

ZHENGZHOU, P. R. CHINA
CHANGCHUN, P. R. CHINA
CAMPO GRANDE, BRAZIL
CHATTANOOGA, TN, USA
CHRISTCKURCN, NEW ZEALAND
CHARLOTTESVILLE, VA, USA
CHANIA, CRETE, GREECE
CHARLESTON, SC, USA

CEDAR RAPIDS/IOMA CITY, [0, USA
CHICLAYO, PERU

COIMBATORE, INDIA

CALAMA, CHILE

CHONGRING, P. R. CHINA
CARAJAS, BRAZIL

CONAKRY, GUINEA

CLEVELAND, OH, USA
CHARLOTTE, NC. USA

CALDAS NOVAS, BRAZIL
COLOMSO, SR1 LANKA

CORUMBA, MATO GROSSO, BRAZIL
COLUMBUS, ON, USA

CHANPAIGN, 1L, USA
MONAMEDV, CASABLANCA, MOROCCO
BELO NWORIZONTE-CONFINS, BRAZIL
CORRIENTES, ARGENTINA
CAIRNS, QLD, AUSTRALIA

CASPER, WY, USA
CAPE TOWN, SOUTH AFRICA
CAMPINA GRANOE, BRAZIL
COMCDORO RIVADAVIA, ARGENTINA
CORPUS CNRISTI, TX, USA
CHARLESTON, W, USA

CATANIA, 17ALY

CATAMARCA, ARGENTINA

A
SAPPORO-CHITOSE, JAPAN
CNENGDU, P.R. CHINA
CANCUN, MEXICO
CURACAG, NETH ANTILLES




AIRPORT APTDEF HEMISPHR CONUS STGFY87 STGFY88
wr CUTRAL-CO, ARGENTINA s FGN 18
cve CINCINNATE, ON, USA N YES m% 18777
o8 CURITIBA, PARANA, BRAZIL s FON 6532 8720
o CARDIFF, VALES, X N FON 0 0
cx1 CHRISTMAS ISLAND, REP OF KIRIBATI N FGN 106 104
ot CHIAYI, TAIVAN N FON 730 732
cz CONSTANTINE, ALGERIA " FoN 3382 3129
czs CRUZEIRO DO'SUL, ACRE, BRAZIL s FON 3% 436
cx CHANGZHOU, P. R. CHINA N FGN 208 227
DAB DAYTONA BEACH, FL, USA N YES 3532 4032
DAC DHAXKA, BANGLADESH N FGN 93 734
DAL LOVE OALLS/FT. WORTH, TX, USA N YES 75126 76295
oAN DAMASCUS, SYRIA N FON 523

DAR DAR ES SALAAM, TANZANIA s FON 3407

DAY DAYTON, OH, USA M YES 37652 43020
o8V DUBROVNIK, ' YUGOSLAVIA N FGN 1806 2
0CA NATIONAL, ‘WASHINGTON, DC, USA N YES 22108 26412
DEC DECATUR, 1L, USA N YES 0 0
DEL DELNI, INDIA P’ FoN 15987 16401
DEN STAPLETON INT'L, DENVER, CO, USA N YES 112673 113634
DET DETROIT CITY, Wi, USA N YES 0 2064
OEU SOMEWNERE OVER GERMANY N FGM 0

OFW DALLAS/FT WORTH, TX, USA N YES 51130 48256
OHA OHANRAN, SAUDI ARABIA N FGN 7902 6474
DIB DIBRUGARH, INDIA N FoN 816 866
DIE ANTSIRANANA, MADAGASCAR s FGN 610 610
DIR OIRE DAWA, ETHIOPIA M FGN 38 628
DJE DJERBA, TUNISIA N FGN 547 267
046G DJANET, ALGERIA N FGN 466 532
OKR DAKAR,  SENEGAL N FGN 67 580
DLA DOUALA, REP OF CAMEROON N FoN 5262 4691
oLc DALIAN, P. R, CHINA N FGN 0 [
oLG DILLINGHAM, AS,US N NO 1444 1622
000 DODOMA, TANZANIA s FGN 16

DOM DOHA, GATAR N FGN 8859 9310
OPS DENPASAR, INDONESIA s FGN 104 104
DRO DURANGO, €O, USA M YES 2233 1462
oRY DARVIN, ‘N.T., AUSTRALIA s FGN 1107 2092
oSN DES MOINES, 10, USA N YES 7748 9329
otV WAYNE CO, DETROIT, MI, USA N YES 16765 24028
ous DUBLIN, REPUBLIC OF [RELAND Y FoN 19308 23823
0w DUNEOIN, NEW ZEALAND s FGN 4145 37
our DURSAN, "SOUTH AFRICA s FoN 6925 7739
oUs DUESSELDORF, FRG M FGN 30119 32964
Ut DUTCH HARBOR, AS, US N NO 828 116
ox8 DUBAL, U. A. EMIRATES N FGN 313% 2234
EAN NEJRAN, SAUDI ARABIA N foN 2392 212
€88 ENTEBBE KAMPALA, UGANOA P o 39 167
€80 €L OBEID, SUDAN " FoN 632 968
EBJ ESBJERG, DENMARK " FoN 82 284
€01 EDINGURGN, SCOTLAND ¥ FGN 1040 1988
£FL KEFALOMIA, GREECE ¥ (] 780 786
EdN VEDJW, SAUDI ARABIA N FoN 8% 736
ELF €L FASNER, SUDAM N FGN 0 s
ELG EL GOLEA, ALGERIA N FGN 416 416
£ ELMIRA, NY, USA " YES 0

e €L PASO, TX, USA N YES 38902 30117
ELQ GASSIN, SALDI ARABIA M FoN 4652 072
s EAST LONDON, SOUTN AFRICA s FGr 9987 11104
€L €L OUED, ALGERIA M FaM 288 312
B EAST MIDLANDS, ENGLAND N FGN 91 260
) ENUGU, NIGERIA N FGN 3138

€os esauel msmm s o 116 1066
£nl ERIE, PA N ves 1772 1618
€38 ANKARA- :ssum TURKEY ' ™ 0

€sh €L SALVADOR, CHILE s fGu 836 ™
ETH ELAT, mm " FoN ¢ 14
e EUGERE, OR, USA u YES 3493

e wm HOROCCO N FGN 264 503
eve EVENES, NORWAY N FGN 1520 1874
e EVANSVILLE, IN, uu “ vES 2468 2519
e NEWARK, NEU YORK, usa N vEs 78323 85323
ezt SUENOS AIRES- tmu mr ARGENTINA $ ™ 42

FAE FARE ISLANDS, DENMARK " G 756 83
#Al FAIRBANKS, AS, N No 367 3816
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FARO, PORTUGAL
FARGO, ND, USA
FRESNO, CA, USA
FAYETTEVILLE, NC, USA
LUBUMBASHI, ZAIRE
FORNEBU, OSLO, NORWAY

KALISPELL GLAClEl NAT'L OK, MT, USA

DA VINCI, ROME, ITALY
FE2, MOROCCO

KINSHASA, ZAIRE

AL FUJAIRAN, U.A.E.
KISANGANI, ZAIRE

FT LAUDERDALE, FL, USA
FLORIANOPOL IS, BRAZIL
FORM.SA, ARGENTINA
KALENIE, ZAIRE

FREETOMN, SIERRA LEONE
FUNCNAL - MADEIRA, PORTUGAL
FLINT, MI, USA

FUZHQU, P. R. CHINA
FORBES, TOPEKA, KA, USA
FORTALEZA, CEARA, BRAZIL
FREEPORT, “BAHAMAS
FRANKFURT, FRG

SIOUX FALLS, SD, USA

FT DAUPNIN, MADAGASCAR
FUERTEVENTURA, CANARY 1S,
FUKUOKA, JAPAN

FT WAYNE, IN, USA
YAMAGATA, HONSHU, JAPAN
GALEWA, AS, USA

GAUNAT{, INOIA

GABORONE, BOTSWANA
GUADALAJARA, MEX1CO
SPOKANE, WA, USA
GEORGETOWN, GUYANA
GRARDAIA, ALGERIA
GOVERNORS WARBOUR, BAHAMAS
GUALEGUAYCNU, ARGENTINA
GIBRALTAR, GIBRALTAR

RIO DE JANEIRO INT'L, BRAZIL
GIZAN, SAUDI ARABIA

GRAND JUNCTION, CO, USA
GLASGLOW, SCOTLAND
GEMENA, ZAIRE

GENOA, 1TALY

GOA, [NDIA

GOMA, 2AIRE

GORAKNPUR, 1MDIA
GOTHENSURG, SWEDEN
GARGUA, REP OF CAMEROON
GOVE, N.T., AUSTRALIA
GREEN BAY, VI, USA
GEORGE, SOUTH' AFRICA
GRAND RAPIOS, NI, USA
SAO PAULO-GUARULMOS, BRAZIL
GRAZ, AUSTRIA

GREENSBORD/HPT/\WIN-SALEN, NC, USA

GREENVILLE/SPARTANGURG, $C, USA
GREAT FALLS, WT, USA
wﬂ.ﬂu CI" GUATEMALA

GUAR
GENEVA, SUITZERLAND
GVALIOR, 18012
GALWAY, * IRELAND
SEITUN, YEMEN

GOIANIA, SRAZIL

WACKIJO, JIMA ISLAND, JAPAN
MORON| - IIAHAYA

HANOVER, FED REP OF GERMANY
HAIKOU, ‘s 0. CHINA
HABURG, FRG

WANOI, $OC REP OF VIETNAM

A-5

1426

1



|

AIRPORT APTDEF

....................................................................

NAIL, SAUDI ARABIA
HOBART, TASMANIA, AUSTRALIA
HAFR ALBAPIN, SAUD! ARABIA

HAT YAL, THAILAND

HELSINKI, FINLAND

HERAKLION, GREECE

HANGZHOU, P, R. CHINA
HOMIARA, ‘GUADALCANAL, SOLOMON IS.
HIROSHIMA, JAPAN

HAKODATE, ' JAPAN

HONG KONG, NONG KONG

PHUKET, THAILAND

WELENA, MT, USA

HAMILTON, NEW 2EALAND

WASSI MESSAOUD, ALGERIA

TOKYO- HANEDA, JAPAN

HONOLULU, CAMU, A, USA
HODEIDAR, YEMEN

HOFUF, SAUDI ARABIA

HORTA FAIAL ISLAND, PORTUGAL
HOUSTON, TX, USA

WHITE PLAINS, NY, USA

NAKBIN, HANCNUR!A P. R. CHINA
HARARE, 2IMBABWE

HORGHADA, ARAB REP OF EGYPT
HARLINGEN, TX, USA
HUNTSVILLE/DECATUR, AL, USA
RAMILTON ISLAND, OLD AUSTRAL!A
NUNTINGTON, Wv,

HUALIEN, Yaraak ot

HYDERABAD, INDIA

DULLES INY‘L WASHINGTON, OC, USA
HOUSTON INTERCNT ™, USA

IN AMENAS, ALGERIA

1BADAN, NIGERIA

IBIZA, "SPAIN

WICNITA, KA, USA

10ANO FALLS, 1D, USA

INDORE, INDIA

KIEV, USSR

ISFAHAN, 1RAN

1ZMIR-CIGLI, TURKEY

1GUAZU, ARGENTINA

IGUASSU FALLS, BRAZIL
pnluomm-uumcrou PA, USA
WILNINGTON, M,

ILORIN, umu

INPKAL, INDIA

INPERATRIZ, lmu
INDIANAPOLTS, IN, USA

NS, vueosuvu

NAURY, REP OF NAURU

IN SAUAN, ALGERIA

10AMNINA, GREECE

ILNEUS, BRAZIL

JOUIQUE, CHILE

1QUTOS, PERV

LA RIGJA, ARGENTINA

ISIRD, ZAIRE

MONT ISA, OLD, AUSTRALIA
I1SLAMABAD RA\M”L‘PIIQI PAKISTAN

LowG ISLM MACARTHUR, NY, USA
ISTANBUL, TURKEY

WILO MAMALT, w, s
NIUE ISLAND,
|macucm, v ZEALAND
AGARTALA, INOIA

SAGDOGRA, INDIA
CHANDIGAR, IMDIA
ALLANABAD, INDIA
MANGALORE, INDIA

JNS, 1MO1A
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AIRPORT  APTDEF HEWISPHR COMUS  STGFYB?  sTcrvas
I LEN, INDIA N FGN 76 916
ot MADURAL, INDIA N FGN 1200 1162
xR RANCHI, INDIA N FGN 1460 1464
ixs SILOHAR, INDIA L] FON 1748 1832
X AURANGABAD, INDIA N FGN 1820 1464
e PORT BLAIR ANDAMAN ISLAND, INDIA FoN 706 928
JAC JACKSON, WY, USA N YES 2325 2179
Al JAIPUR, mou n FGN 4068 4876
JAN JACKSON, NS, USA N YES 3392 3085
JAX Jncxsouvm.s FL, USA N YES 10211 13077
JON JODNPUR, INDIA Y FGN 2920 2928
400 JUAZEIRO DO NORTE CEARAM, BRAZIL  § FGN 626 628
JED JEODAH, SAUDI ARABIA N FGN 19745 20292
JER JERSEY CHANNEL [SLANDS, UX N FGN 1263 1112
JFK KENNEDY, NEW YORK, NY, USA u YES 13217 8785
5 JGA JAMNAGAR, INDIA N FGN 730 732
Jns JOHOR BAHRU, MALAYSIA N FGN 4018 4164
Js 0JINOUTT, DJ1BOUTI N FoN 508 686
KN CKIOS, GREECE [ FGN 1858 1720
. N8 .|omuzsaunc SOUTH AFRICA s FoN 13746 15620
™ JUNEAU, AS, US M NO 2255 2684
Jo1 .:oumus ‘BRAZIL s FGN 626 628
J0S J0S, NIGERIA N FoN 2596 2022
3PA JOAQ PESSOA, BRAZIL s FGN 1460 1832
JRH JORMAT, INDTA N FGN 6% 732
JRO KILIMANJARO, TANZANIA s FGN 1667 1568
381 SKIATHOS, GREECE N FGN 412 342
IR SANTORINT, THIRA ISLAND, GREECE N FGN 1126 884
s JUBA, SUDAN N FGN 38 0
) JUJUY, ARGENTINA s FoN 400 226
KAD KADUNA, NIGERIA N FCN 3896 3639
KAN KANO, NIGERIA N FGN 700 708
KBL KABUL, AFGHANISTAN n FGN 208 208
KR KOTA BHARU, WALAYSIA N FCN 3026 3036
KCH KUCHING, SARAVAK, MALAYSIA » FGN 5337 5482
KC2 KOCNI, JAPAN N FGN 1522 816
) SKARDU, PAKISTAN N FGN 190
KEF REYKJAVIK-KEFLAVIK, [CELAND N FGN $61 936
KER KERMAN, 1RAN P FoN 832 52
KGA KANANGA, ZAIRE s FGR 420 346
KGL KIGALT,  RVANDA s FGN 22 22
KGS KOS, GREECE y FoN 550
KHH KAONSIUNG, TAIVAN N FGN 14506 18764
) KARACHI, PAKISTAN N FGR 738
XN RANCHANG KIANGSI, P. R. CHINA ¥ FGN 28 190
K14 NIIGATA, JAPAN P FoN 2190 222
KN KIMGERLEY, SOUTH AFRICA s FON 3388 182
KN KINGSTON, ' JANAICA N FON 338
KKC KHON KAEN, THAILAND [ FoN 2264 1962
X KALNAATA, ' GREECE N foN 782 762
[ KUNMING, ‘PR, CHINA N FGN 2448
1 MIYAZAKT, JAPAN n FGN 4486 3536
(] KUMAROTO, JAPAN u FGN ] 7%
e KEETMANSHOOP, NAMIBIA s FoN 7 0
oK KOMATSU, JAPAN M FoN 70 828
. ™) KINDU, ZAIRE s FoN 480 622
KN KANKAN, GUINEA N FGN 0 100
o KANPUR, INDIA ¥ FGR 1372 1578
KOA KONA, %A, US u NO 11308 11047
¥0J KAGOSHIMA, JAPAN “ FGN &3 1913
Ry KIRUNA, SWEDEN P FoN 0 18
' KARUP, 'DENMARK N FoN 0 0
“ts KRISTIANSAND, NORMAY N FoN 7646 7990
XRY KHARTOUN, SUOAN P FoN 1921 223
KSA KOSRAE, CAROLINE ISLANOS N FGN 10 132
K ST RARY'S, AS, US ¥ No 420 s62
st KOSTI, SUDAN P FGN ] 0
Ky KRISTIANSUND, NORMAY M FGM 2128 2024
) THRANDY, WEPAL N FoN 2240 2200
KT KETCHIKAN, AS, US ) ™ 1460 1464
"™ KUANTAN, RALATSIA " FoN 426 420
o KUSHIRO, JAPAN N o 1336 926
an um MALAYSIA [ roN 27 222837
VA KAVALA, GREECE N FGM 1262 1160
NE . uIvANg, '. R. CNINA [ oN
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KMALT, KUNALT
GUILIN, P. R. CHINA
LUANDA, ANGOLA

LANSING, WI, USA

LAS VEGAS, NV, USA

LOS ANGELES, CA, USA
LUBBOCK, TX, USA
LABUAN SABAH, MALAYSIA
LIBREVILLE, GABON
LARNACA, CYPRUS

LA CEIBA, WONDURAS
LONDRINA, BRAZIL
LOURDES/TARBES, FRANCE
LINDI, TANZANIA
LENINGRAD, U.S.S.R.
ALMERTA, SPAIN
LEIP2IG, GOR

LEXINGTON, KY, USA
LOME, T0GO

NEW YORK LA GUARDIA, NY, USA
LONG BEACH, CA, USA
LANGKAWI, MALAYSIA
LONDON-GATWICK, ENGLAND
LAHORE, PAKISTAN
LONDON HEATHROM, ENGLAND, (UK)
LANZHOU, P. R. CHINA
LINUE, KAUAI, HA, US
LILLE, FRANCE

LIMA, PERU

MILAN LINATE, ITALY
LISBON, PORTUGAL
LITTLE ROCK, AKX, USA
LODJA, ZAIRE

LJUBLJANA, YUGOSLAVIA
LUCKNOW, INDIA

LULEA, SVEDEN
LILONGWE, MALAVI
KLAMATH FALLS, OR, USA
LINCOLN, NB, USA

LONZ, AUSTRIA

LAGOS, NIGERIA

GRAN CANARIA, CANARY ISLANDS

LAUMCESTON, TASMANIA, AUSTRALIA
LONOOM-LUTON INT'L, ENGLAND
LUSAKA, ZAMSIA
LUENA, ' ANGOLA
SAN LUIS, ARGENTINA
LAURA STATION, AUSTRALIA
LUXENSOURG, LUXENSOURG
LUXOR, ARAB REP OF EGYPT
LEMNOS, GREECE
LYNCHBURG, VA, USA
FAISALABAD, PAKISTAN
LONGYEARSYEN, NORWAY
LYON, FRANCE
MADRAS, INDIA
MARASA, BRAZIL
WADRID, SPAIN
NIDLAMD COESSA, TX, USA
RANON, MENORCA, SPAIN
MAJURD, MARSHALL I1SLAND
MANGOLE, 1NOONESIA
MANCRESTER, ENGLAND (UK)
MARAUS, SRAZIL
MONTEGO BAY, JAMAICA
SAGINAV, M. USA
MARIBOR, YUGOSLAVIA
KANSIS CITY, WO, USA
ORLANDO- INT 'L, FL, USA
MACAPA, AMAPA, BRAZIL
AN

MAROOCNYDORE, QLD, AUSTRALIA

HEMISPHR CONUS
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AIRPORT APTOEF HEMISPRR CONUS STGFYA? STGFYBS
MC2 MACEIO, ALAGOAS, BRAZIL H FGR 978 1646
MOE MEDELLIN